We set out to determine whether extra-striate ventral stream function was compromised in amblyopia and to compare any observed deficit with previous data on comparable dorsal stream function. We devised a multi-element orientation task where orientation coherence sensitivity could be measured in a comparable way to motion coherence. The use of spatial frequency narrowband elements allowed for accurate correction of any upstream contrast sensitivity influence and ensured that the orientation bandwidth of our elements did not covary with the measured coherence. Using a standard equivalent noise analysis, we varied both the local orientation bandwidth of individual elements as well as the global orientation bandwidth of the element array to obtain estimates of both local and global internal noise and efficiency. The results show that for this ventral stream task there is only a subtle amblyopic deficit in processing global orientation relative to control observers. This deficit is present for both amblyopic and fixing eyes, and appears to reflect poorer efficiency in processing local orientation, suggesting a subtle deficit at the input stage to extra-striate cortex where orientation coherence is processed.
Introduction
The extent of the cortical deficit in amblyopia is still a matter of debate. The vast majority of single cell neurophysiology has been concerned with V1 function and although there are spatiotemporal contrast anomalies associated with amblyopia (Eggers & Blakemore, 1978; Kiorpes et al., 1998) , it is generally agreed that the neural basis for amblyopia is not limited to area V1 (Kiorpes & McKee, 1999) . Deficient processing has been shown in animal models of amblyopia in area V2 (Bi et al., 2011) and in regions of both the dorsal (Schroder et al., 1998 (Schroder et al., , 2002 and ventral (Sireteanu & Best, 1992) extra-striate cortex.
Human functional imaging provides information on the integrity of localized regions of cortex and has provided evidence that extra-striate regions of cortex are also deficient in amblyopes (Barnes et al., 2001; Hess et al., 2010; Imamura et al., 1997; Li et al., 2007; Muckli et al., 2006) . Functional connectivity analysis that provides information on the integrity of information flow between these localized cortical regions (Friston, Harrison, & Penny, 2003) suggests that extra-striate anomalies cannot be simply explained by anomalies at earlier processing stages such as V1 (Li et al., 2011) .
A number of human psychophysical studies have been undertaken with the express purpose of not only assessing extra-striate function in amblyopia but also doing this in a way that helps assess the degree of upstream influence of any measured deficit from the known V1 functional loss in contrast sensitivity. The rationale behind using global tasks to study extra-striate function is that such tasks are subserved by the much larger extra-striate receptive field sizes that integrate the inputs from many V1 cells to accomplish these tasks. Furthermore, in terms of global motion processing there are a number of neurophysiological studies that suggest that such stimuli are processed in dorsal extra-striate areas such as MT and MSTd (Baker, Hess, & Zihl, 1991; Huxlin & Pasternak, 2004; Newsome & Pare, 1988; Rudolph & Pasternak, 1996 . The problem of assessing the extent to which a V1 contrast sensitivity deficit might contribute to a deficit measured with a global task is not trivial, yet the strength of any conclusion that the locus of a psychophysically measured deficit is in extra-striate cortex critically depends on this.
Dorsal extra-striate function has been subjected to more intense scrutiny (Aaen-Stockdale & Hess, 2008; Aaen-Stockdale, Ledgeway, & Hess, 2007; Constantinescu et al., 2005; Ellemberg et al., 2002; Giaschi et al., 1992; Hess et al., 2006; Ho et al., 2005; Simmers et al., 2003 Simmers et al., , 2006 yet few studies have passed this litmus test and provided strong proof of a primary deficit at the extra-striate level. Some studies do not set out with this specific aim in mind and simply provide evidence of deficient global processing (Ellemberg et al., 2002; Giaschi et al., 1992; Hess et al., 2006; Ho et al., 2005; Simmers et al., 2003 Simmers et al., , 2006 . Others attempt to use an approach that factors out anticipated influences that could be deficient at the level of V1 (Aaen-Stockdale & Hess, 2008; Aaen-Stockdale, Ledgeway, & Hess, 2007; Constantinescu et al., 2005) .
Many of these studies have made use of spatially broadband elements such as dots. The use of broadband elements makes factoring out V1 influences difficult because the contrast sensitivity deficit that is believed to reside in V1 depends upon spatial frequency and there is no way of knowing a priori what spatial scale the visual system utilizes in global tasks. A better way of factoring out the influence of V1 is to use elements that are spatial frequency narrowband, such as radial log gabors, because then the detectability of these stimuli can be accurately corrected, thus neutralizing any influence of a V1 contrast deficit at each spatial scale. This approach has strengthened the case for a primary extra-striate deficit that is scale-invariant and that affects both the fixing and amblyopic eyes of amblyopes (Aaen-Stockdale & Hess, 2008) .
Comparable information for what might be considered ventral extra-striate function is less clear-cut. Some studies that involve the integration of local orientation that one suspects is accomplished in V1, suggest essentially normal function (e.g. Levi & Sharma, 1998 ) while others do not (e.g. Polat, Sagi, & Norcia, 1997) . Studies of contour integration have been interpreted as either showing a specific deficit by some (Chandna et al., 2001; Mussap & Levi, 2000) or normal function by others (Hess, McIlhagga, & Field, 1997) , once earlier upstream deficits have been accounted for. The integration of local orientation information in a mean orientation judgment has been shown to be normal (Mansouri, Allen, & Hess, 2005; Mansouri et al., 2004) except when extraneous noise is added . The only task comparable to the global motion task used to probe dorsal extra-striate function was used by Simmers, Ledgeway, and Hess (2005) . To ensure a sensitive comparison they used the same stimuli as used in the global motion task (Simmers et al., 2003) but converted the motion frames into an equivalent orientation task by adding them together (such that the overlaid dots from the motion frames created static oriented streaks). They attempted to control for upstream contrast sensitivity loss in V1 by independently assessing the contrast component of the global deficit. Their results suggest a smaller but significant extrastriate deficit presumed to be in the ventral pathway. The use of dots in this task to make oriented lines was not ideal for factoring out contrast sensitivity losses in V1 for the reasons outlined above. Furthermore, as the coherence was varied, the local orientation bandwidth of the stimuli covaried. This is of course true in terms of directional bandwidth for some motion coherence stimuli (Simmers et al., 2003) but not for the coherence algorithm used by Aaen-Stockdale and Hess (Aaen-Stockdale & Hess, 2008; Aaen-Stockdale, Ledgeway, & Hess, 2007) . These two factors weaken the conclusion that the measured deficit in global orientation performance reflected a deficit at the level of the extra-striate cortex rather than an earlier one located in V1.
Recently we developed a novel orientation coherence task comprising spatially frequency narrowband elements that would allow a better comparison with previous motion coherence measurements (Husk, Huang, & Hess, 2012) , assuming that both global processes reflect similar underlying computations. We show that performance of such a task requires more than just integration: it requires segregation of signal from noise, that we model using orientation filtering. This provides a theoretical framework (and a comparable orientation coherence task) with which to assess the function of amblyopic individuals. The availability of a comparable task permits us to gauge whether presumed ventral mediated function is less affected than equivalent dorsal mediated function in developmental disorders as was proposed by Braddick, Atkinson, and Wattam-Bell (2003) .
In the present study we provide a more critical test of whether there are extra-striate deficits, possibly located in ventral pathway that do not depend on earlier upstream V1 losses. We use a task that requires a judgment of global orientation, presumably reflecting ventral extra-striate function where the individual elements whose orientations are to be integrated are spatially narrowband and set to be equally detectable in fixing and amblyopic eyes. This makes the correction for contrast sensitivity accurate at each scale and ensures that the local bandwidth of the elements do not covary with the signal/noise measure used to assess global sensitivity.
To provide a thorough assessment of amblyopic performance on this task we use an equivalent noise approach to separately assess the associated levels of internal noise and efficiency. To accomplish this we measured performance as a function of orientational bandwidth (Fig. 1) . Orientation bandwidth was manipulated in one of two ways: locally within each element, or globally across elements. When orientation bandwidths are narrow, performance should be limited primarily by internal orientational uncertainty, however as the stimulus orientation bandwidth is widened, performance should be increasingly limited by the external orientational uncertainty. If amblyopic observers have higher orientational uncertainty than normal observers, we would then expect a leftward shift in the orientation bandwidth functions. If, however, amblyopic observers are less efficient at processing orientation information across space, we would expect an upward shift in the orientation bandwidth functions. Further, by comparing the dependencies on local and global orientation bandwidth, it is possible to determine whether any increase in orientational uncertainty or decrease in efficiency is local (i.e.due to uncertainty in determining the orientation of a single element within a multielement array), or global (i.e. in determining the orientational range of a group of elements across space).
The results show that for this task there is only a subtle amblyopic deficit in processing global orientation relative to control observers. This deficit is present for both amblyopic and fixing eyes, and appears to reflect poorer efficiency in processing local orientation within multi-element arrays.
Methods

Observers
Participants were 8 amblyopic (5 Female; Mean age = 37) and 9 control (6 Female; Mean age = 31) observers. All subjects were recruited and tested in the McGill Vision Research Unit in Montreal. Control observers had normal or corrected-to-normal acuity. Detailed amblyopic demographics are presented in Table 1 .
Stimuli
The stimulus consisted of an array of 100 elements, arranged in a 10 Â 10 Cartesian square grid (grid side length = 10.00°visual angle). The individual elements were composed of white noise (with a randomized noise seed across trials), filtered in the fourier domain to constrain both the spatial frequency and orientation content of the stimulus, then enveloped by a Gaussian window of sigma 0.25°. The modulation transfer function of the filter was a Gaussian in radial frequency and radial angle (stimulus equation detailed in Beaudot and Mullen (2006) . When filtered narrowly along both orientation and spatial frequency dimensions, these noise stimuli approximated gabor patches (see Fig. 1 ).
The elements were presented with a limited-lifetime of 111 ms (10 frames). The presentation of individual elements was flickered asynchronously across the array, so that on any single frame, only a randomly distributed proportion of the 100 elements were displayed. Once an element reached its lifetime, it was removed for the same duration (10 frames) before reappearing at the same location. Because the element lifetime was short, the effective appearance was of a full complement of 100 elements. This was done for two reasons. First we wanted to compare results on this spatial task to its motion equivalent where elements typically have a limited lifetime. Second, we wanted to deter subjects from making judgments based on individual elements and to use a more array-based criterion reflecting a global integration across space and time thereby providing a relevant comparison to global motion measurements.
Within the array, the elements were drawn from one of two distributions: a signal distribution or a noise-distribution, randomly intermixed across the array. The signal elements were always oriented in the same direction (±10°) depending on the trial. The noise elements were randomly oriented between 0°and 180°. All elements were presented with the same fixed contrast within any given trial. Percent coherence was defined as the proportion of array elements drawn from the signal distribution (having the target orientation), relative to the noise distribution (randomly oriented).
Display
Subjects were seated in a dimly lit room. Stimuli were presented on a Compaq monitor (effective dimensions: 38.7 Â 29 cm; resolution: 1024 Â 768 pixels; frame rate: 90 Hz) driven by a NVIDIA GeForce 8600M GT OpenGL Engine with 256 MB of video RAM, housed in an Apple MacBook Pro 2.4 GHz Intel Core 2 Duo computer. The display was gamma corrected with a mean luminance of 26.9 cd/m 2 . For control observers, the viewing distance was 60 cm. For amblyopic observers, we chose a viewing distance nearest to 60 cm where a contrast threshold difference was observable between the amblyopic and fellow fixing eyes, and where contrast thresholds were low enough in both eyes to permit measuring coherence thresholds at 6Â contrast threshold. For one amblyopic observer (LAR), we used a contrast of 4.7Â contrast threshold to measure later performance because a low enough contrast threshold was not achieved in her amblyopic eye, even at a viewing distance of 30 cm. Husk, Huang, and Hess (2012) demonstrated that orientation coherence thresholds are invariant across a wide range of spatial frequencies and viewing distances, so long as performance is measured at a fixed multiple above contrast threshold. Obtained contrast thresholds, and associated viewing distances are presented in Table 2 .
Procedure
Overview
Observers were presented with a 2-alternative forced choice task. On each trial, a multi-element 10 Â 10 array was displayed for 1 s. The array was composed of both signal and noise elements. The observer's task was to indicate whether the array elements were, on average, tilted to the left or right of vertical (i.e. whether the signal element orientation was ±10°), and to indicate their selection by keyboard press. Auditory feedback was provided after the subject's response: a high-pitched tone for a correct response, and a low-pitched tone for an incorrect response.
All participants completed a series of contrast threshold runs, separately for each eye. Contrast thresholds were measured in the context of the orientation coherence task (by arbitrarily fixing coherence at 60%, and varying contrast across trials). Afterward, participants completed coherence threshold runs, during which contrast was fixed at 6Â threshold and percent coherence was varied across trials. Details for obtaining these two thresholds follow.
Contrast threshold estimation
To estimate contrast thresholds, observers performed the orientation discrimination task at a fixed signal-to-noise (60% coherence). A 2-down-1-up staircase varied michelson contrast across trials with an initial value of 20% ±10%, and capped at 100% contrast. The step-size and staircase completion parameters were the same as used for estimating coherence thresholds. Participants completed 3 contrast threshold runs per eye: The average threshold across the 3 runs was taken as the contrast threshold, and coherence thresholds were measured at 6Â this contrast threshold (Hess & Bradley, 1980) . By measuring contrast thresholds separately for each eye, stimuli could be equated for detectability across eyes. These results are presented in Table 2 .
Coherence threshold estimation
To estimate coherence thresholds, observers performed the orientation discrimination task at a fixed contrast (6Â contrast threshold). Percent coherence was varied across trials based on a 2-down-1-up staircase (where stimulus decreases were initially controlled by a step size of 50% that was reduced to 12.5% after the 1st reversal, and stimulus increases were always 25%). Because step-size was defined in terms of percentage change relative to the current stimulus level, step-size varies systematically with stimulus level. This staircase configuration converges at a criterion level of 81.6% correct (Sankelli & Mullen, 1996; Garcia-Perez, 1998 ). The initial coherence value was randomly selected in the range 60 ± 10%, with a cap at 100% coherence. Sessions ended when the staircase reached 6 reversals, and the threshold was computed from the mean of the last 5 reversals. For each condition (each eye, each bandwidth type (local/global), and each orientation bandwidth), coherence thresholds were estimated on four separate runs of trials. The four estimated thresholds were averaged to produce a single threshold measure for each condition.
Coherence discrimination as a function of orientation bandwidth
Orientation bandwidth was manipulated in two ways (see Fig. 1 ): locally within each element, or globally across elements. Local bandwidth manipulation was accomplished by varying the orientation bandwidth of the filter producing individual noise patches. Global bandwidth was manipulated by jittering the orientation of the signal elements around a mean (i.e. increasing the variance of orientations represented in the signal population). Each individual element remained orientationally narrowband (fixed at an orientation standard deviation of 1°).
Results
Performance, as a function of local and global orientation, was determined separately for each eye of amblyopic and control observers (Fig. 2) . These functions were fit using an equivalent noise model (Barlow, 1977; Burgess et al., 1981; Kersten, 1983; Pelli, 1981) . We applied the specific formulation of the equivalent noise model used by Dakin, Mareschal, and Bex (2005) Table 3 .
If amblyopic observers exhibit impaired performance as a function of orientation bandwidth, this impairment could reflect either higher internal noise (for example, increased uncertainty about the orientation of individual elements) or lowered efficiency (for example, poorer integration of orientational information across space). The former (increased internal noise) would predict a lateral shift of the orientation bandwidth function for amblyopic vs. normal observers; The latter would predict a vertical shift of the orientation bandwidth functions for amblyopic observers. Fig. 2 presents raw data from three example amblyopic observers, and three example control observers, with equivalent noise fits overlaid.
The data fits were determined by fitting the functions individually to each eye for each subject. The resulting parameters were then averaged across observers to look for group differences in the parameter fits. Fig. 3 presents the equivalent noise parameters (internal noise and efficiency) averaged across observers.
The fitting parameters were evaluated by a 2 eye Â 2 condition (local vs. global) Â 2 group (amblyope vs. control) ANOVA on the internal noise parameter, and a separate ANOVA on the efficiency parameter. As can be seen in Fig. 3 , parameter fits did not differ significantly across eyes for either internal noise (Main effect of eye: F(1, 15) = 0.076, p = .79), or efficiency (Main effect of eye: F(1, 15) = 0.468, p = .50). Nor did the factor eye interact significantly with any other factor, for either internal noise or efficiency fits 1 . However, there was a significant condition by group interaction for the efficiency parameter (F(1, 15) = 5.771, p = .03). We explore this interaction further below. Because the effect of eye had no impact on the data fits, rather than simply averaging the fitestimates across eyes for further data analysis, we re-fit the data after first collapsing across the two eyes. This allowed us to maximize the number of data points available for each fit estimate. The parameters associated with these new fits are presented in Fig. 4 . All subsequent analyses were performed after collapsing across eyes.
1
The parameters fit to the eye-collapsed data were evaluated by 2 condition (local vs. global) Â 2 group (amblyope vs. control) ANOVAs, separately for the internal noise and efficiency parameters.
There was no evidence of a significant difference in internal noise between control and amblyopic subjects (F(1, 15) = 0.868, p = .37). And although the internal noise parameter was significantly greater in the local task than in the global task for all subjects, F(1, 15) = 36.02, p < .001, there was no significant interaction between task and subject group (F(1, 15) = 1.96, p = .18). The absence of greater internal noise for amblyopic observers suggests that, at the level of the individual element, amblyopic observers did not experience greater orientational noise than control observers.
By contrast, the efficiency parameter was significantly lower for amblyopic observers than for control observers (F(1, 15) = 5.652, p = .03), and this effect interacted significantly with the task (F(1, 15) = 5.771, p = .03). In particular, efficiency was significantly lower for amblyopic observers in the local orientation bandwidth task (t(15) = 2.403, p = .03), but no group difference was observed for the global orientation bandwidth task (t(15) = 1.107, p = .27). These results are consistent with less efficient transduction of local orientation information rather than any loss in efficiency of global summation across elements.
Discussion
In the present study we use a ventral-based task involving a global orientation judgment that is comparable to what is typically used to assess dorsal function using global motion. The individual elements are spatial frequency narrowband and therefore provide an accurate correction for any upstream contrast sensitivity deficit. Furthermore, unlike a number of previous approaches (Jones, Anderson, & Murphy, 2003; Simmers, Ledgeway, & Hess, 2005) , the orientational bandwidth of the elements do not covary with coherence. The results suggest that amblyopes exhibit only a relatively subtle deficit for this task and that it affects their fellow and amblyopic eyes equally. Global motion coherence sensitivity is also reduced equally for fellow and amblyopic eyes but the overall deficit is larger in magnitude, being approximately a factor of two in sensitivity. If we assume that the global motion and global form tasks reflect dorsal and ventral pathway function respectively then one has to conclude that in amblyopia dorsal function is more compromised, supporting the proposal that in developmental disorders the dorsal pathway is more vulnerable (Braddick, Atkinson, & Wattam-Bell, 2003) possibly as the result of its earlier postnatal development (Bourne & Rosa, 2006) . 1 The eye Â condition Â group ANOVA treated the amblyopic eye as equivalent to the control non-dominant eye, and the non-amblyopic eye as equivalent to the control dominant eye. Our conclusions are not dependent on this assumption, as separate eye Â condition ANOVAs for each group similarly demonstrate no significant effects of eye on the parameter estimates for either group.
We used two different orientation manipulations, a local one involving the bandwidth of individual elements and a global one in which the peak orientation of elements across the array were jittered. We assume that the global processing of orientation involves a two-stage process, with stage 1 involving local orientation processing and stage 2 the integration of this local information across space. Given that assumption, the rationale behind this was that the local orientation manipulation relates to the fidelity of the stage 1 input to the global processing stage whereas the global orientation manipulation relates to the summation of this information across space in stage 2. Within the context of an equivalent noise model, a loss of efficiency would relate to an inefficient use of the available orientation information contained in the stimulus (poorly match template/unmatched filters), either locally or globally. The results of our two orientation manipulations and their subsequent equivalent noise modeling suggests that the reason for the poorer performance of amblyopic observers is that there is a loss of efficiency for the stage 1 processing of orientation . Best fitting parameters for equivalent noise fit to orientation BW functions. Fits were calculated by collapsing data across both eyes for both amblyopic and control observers. The best fits were then averaged across subjects. Error bars represent ±1 standard error of the mean. because the loss involves the manipulation of orientation locally. This would suggest the deficit is in the input to the global processing stage rather than in the global processing per se and would be consistent with an inefficient encoding of local orientation prior to its integration across space.
Relationship to previous work
While there have been a host of different studies on orientation processing in amblyopia, most of these involve stimuli and tasks that are difficult to relate to the present study. For example, deficits have been shown in both the local processing of orientation and in the form-based global orientation measures.
Although anomalous local processing of orientation has been shown in amblyopia (Skottun, Bradley, & Freeman, 1986; Rentschler & Hilz, 1979; Vandenbussche, Vogels, & Orban, 1986) , the nature of this deficit is not consistent with that found in the current study. Demanins et al. (1999) reported on a deficit that was consistent with broader local bandwidths for orientation. This explanation is not consistent with the current findings as this would have resulted in elevated internal noise for the local bandwidth manipulation rather than reduced efficiency. The current finding is consistent with a less efficient orientation template at all bandwidths. It is worth noting that amblyopia is a heterogeneous condition and some of these discrepancies could be due to this factor especially since in this study we test only 8 amblyopes who were all strabismic. A number of studies have reported deficits in amblyopia for shape-based tasks associated with ventral processing. The sensitivity for detecting radial frequency patterns is reduced in amblyopia and this is the result of deficient positional as well as orientational processing (Dallala, Wang, & Hess, 2011) . The results suggest that this deficit unlike the present orientation coherence deficit specifically affects the amblyopic eye. This apparent conflict could be explained if such shape-based tasks in the ventral pathway, like their counterparts in the dorsal pathway, occur at a level of global processing beyond the stage targeted by our current coherence task (Rust & Dicarlo, 2010) . Contour integration has also been reported to be defective in amblyopic eyes (Chandna et al., 2001; Kovacs et al., 2000) however an explanation can be advanced for this being due to a disruption to the encoding of spatial position prior to the global integration of orientation (Hess, McIlhagga, & Field, 1997) . Levi, Klein, and Sharma (1999) used a global form task where Gabor patches formed a global E target. They found amblyopes to be less efficient at this task consistent with the stimulus being under-represented at the stage of feature integration. The evidence for a global deficit involving form or shape based processing is relatively strong but any deficit at an earlier level within the ventral stream where orientation coherence processing is likely to occur, as measured in this paper, is subtle at best.
More pertinent to the current approach are studies requiring the discrimination of global orientation statistics of an image, however these have produced conflicting results. Simmers and Bex (2004) report a deficit in both eyes of amblyopes for discriminating the mean orientation whereas Mansouri et al. (2004) show performance on such a task is normal in amblyopic observers. It should be noted that all of these global tasks involved signal integration and not the type of signal/noise manipulation that characterizes the present coherence measures. The only previous study that is directly relevant to the current study is that of Simmers, Ledgeway, and Hess (2005) . They reported a deficit that was also reduced when compared with a comparable dorsal task (Simmers et al., 2003) that affected both fellow and amblyopic eyes but was greater for amblyopic eye stimulation. The stimuli were spatially broadband and, as a result, the correction of the contrast sensitivity deficit may not have been at the spatial scale used to solve the local task. Also element orientation bandwidth co-varied with orientation coherence which is less than ideal. The methodological improvements in the current study might explain the less pronounced deficits in amblyopic global orientation perception that we observed.
Conclusions
Global ventral stream processing in amblyopia appears relatively less impaired than corresponding global processing in the dorsal stream. Those deficits that were observed in global orientation processing appear to be largely explainable on the basis of reduced efficiency in the encoding of local information prior to its integration across space.
